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Abstract

:

In this study, piezoelectric zinc oxide (ZnO) thin film was deposited on the Pt/Ti/SiNx/Si substrate to construct the FBAR device. The Pt/Ti multilayers were deposited on SiNx/Si as the bottom electrode and the Al thin film was deposited on the ZnO piezoelectric layer as the top electrode by a DC sputtering system. The ZnO thin film was deposited onto the Pt thin film by a radio frequency (RF) magnetron sputtering system. The cavity on back side for acoustic reflection of the FBAR device was achieved by KOH solution and reactive ion etching (RIE) processes. The crystalline structures and surface morphologies of the films were analyzed by X-ray diffraction (XRD) and field emission scanning electron microscope (FE-SEM). The optimized as-deposited ZnO thin films with preferred (002)-orientation were obtained under the sputtering power of 80 W and sputtering pressure of 20 mTorr. The crystalline characteristics of ZnO thin films and the frequency responses of the FBAR devices can be improved by using the rapid thermal annealing (RTA) process. The optimized annealing temperature and annealing time are 400 °C and 10 min, respectively. Finally, the FBAR devices with structure of Al/ZnO/Pt/Ti/SiNx/Si were fabricated. The frequency responses showed that the return loss of the FBAR device with RTA annealing was improved from −24.07 to −34.66 dB, and the electromechanical coupling coefficient (kt2) was improved from 1.73% to 3.02% with the resonance frequency of around 3.4 GHz.
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1. Introduction


In recent years, the development of wireless communication systems is toward high frequency band and high stability, in which, the acoustic devices used in the systems must be small size, low cost and high stability [1,2]. The film bulk acoustic resonators (FBARs) existed lower insertion loss, higher operating frequency and wider frequency band which were better than those of surface acoustic wave (SAW) devices [3,4,5,6,7]. The FBAR device is constructed by a piezoelectric layer sandwiched between the top and bottom electrodes. The frequency responses of FBAR devices would be affected by the piezoelectric materials, thicknesses of piezoelectric and electrode materials and their qualities. In order to increase the resonance frequency of an FBAR device, the thickness of the piezoelectric layer should be decreased, which would result in the deterioration of the characteristics of the piezoelectric film and decrease the electromechanical coupling coefficient of the FBAR device. Hence, the precise thickness with optimized characteristics of the piezoelectric layer is strict for high frequency FBAR devices.



Some novel materials can be used in acoustic wave devices, such as, GaN, AlGaN, ScGaN and ScAlN [8,9,10]. In general, zinc oxide (ZnO) and aluminum nitride (AlN) thin films are commonly used in acoustic wave devices [11,12,13,14,15,16,17,18,19,20]. The lead zirconate titanate (PZT) thin films are not adopted due to their impacts on the environment. The ZnO thin films have a wide bandgap of 3.37 eV at room temperature, a high excitation binding energy of about 60 meV, high acoustic wave velocity, high electromechanical coupling coefficient, strong bonding, high chemical stability, easy acquisition and low cost [21,22,23]. The ZnO thin films can be grown at room temperature with a columnar structure and pebble-like surface morphologies with low roughness [24]. Therefore, zinc oxide is suitable for the fabrication of thin film bulk acoustic wave devices. In general, the rapid thermal annealing (RTA) process is adopted to improve the characteristics of as-deposited films because the processing time is short, and the qualities of films are better than those obtained by conventional annealing process with the furnace tube [25,26]. It has been approved that the qualities of piezoelectric thin films, the optical properties, the sensitivities and responses of the SAW UV sensors after the RAT process have been significantly improved [27,28,29]. Therefore, it is expected that the characteristics of piezoelectric ZnO thin films and the frequency responses of FBAR devices can be improved through the treatment of the RTA process.



In this study, it was focused on the fabrication of FBAR devices with resonance frequency of about 3.4–3.6 GHz for 5G wireless communication systems. The FBAR device was constructed by an acoustic cavity on the back side of the substrate, ZnO thin films, and electrode thin films. The bottom Pt/Ti and top Al electrode thin films were fabricated on the SiNx/Si substrate and piezoelectric layer, respectively, by a DC sputtering system. The ZnO piezoelectric layer was deposited on the bottom electrode by a radio frequency (RF) magnetron sputtering system. Finally, the as-deposited ZnO thin films and fabricated FBAR devices were annealed by RTA with various temperatures and times. The effects of rapid thermal annealing process on the crystalline characteristics of ZnO thin films and the frequency responses of FBAR devices were investigated and discussed.




2. Materials and Methods


A schematic of fabrication processes of an FBAR device is shown in Figure 1. The structure of an FBAR device consisted a piezoelectric layer sandwiched between top and bottom electrodes, and a substrate with an acoustic cavity on back side. The SiNx thin films were deposited on both sides of Si substrates by a low pressure chemical vapor deposition (LPCVD) system. The back-sided SiNx film was patterned and etched to define the acoustic cavity area of the FBAR device by the reactive ion etching processes (RIE, United Kingdom STS Company, Newport, MODEL C001-4). The Pt/Ti multilayers were deposited on the SiNx/Si substrate as the bottom electrode and Al was deposited on the piezoelectric layer as the top electrode, respectively, by a DC sputtering system. In the bottom electrode, Ti is adopted as an adhesion layer between Pt and SiNx/Si substrate. The deposition parameters are shown in Table 1. The piezoelectric ZnO thin film was deposited by a RF magnetron sputtering system. The deposition parameters are shown in Table 2. The acoustic cavity on back side of the substrate was achieved by a 30 wt % KOH etching solution at 100 °C followed by the RIE processes. The RTA apparatus (ULVAC, MILA-3000, Kanagawa, Japan) with infrared concentrated heater at atmosphere was adopted for the annealing of ZnO thin films. The annealing parameters are shown in Table 3. Finally, the obtained FBAR devices were annealed using the optimized annealing parameters for ZnO thin films.



The preferred orientation and crystalline characteristics of ZnO thin films were analyzed by XRD (Bruker D8 Advance, Billerica, MA, USA) with CuKα radiation. The surface morphologies and cross-sectional images of ZnO thin films were analyzed by SEM (JEOL JSM-6700F, Tokyo, Japan). The thickness of ZnO thin film for the FBAR device was derived through the formula    v  = f × 2 d  , in which, v is the bulk acoustic wave velocity of ZnO thin film, f is the center frequency of resonance, and 2d is the thickness of ZnO thin film. The frequency responses of FBAR devices were measured by a network analyzer (E5071C) and a CASCADE high frequency probe station.




3. Results


A preliminary investigation was carried out in this study to obtain the ZnO thin films with highly c-axis orientation and uniform surface morphologies by a RF magnetron sputtering system. The optimized as-deposited ZnO thin films were obtained under the sputtering power of 80 W and sputtering pressure of 20 mTorr at room temperature. In order to improve the qualities of ZnO thin films, the effects of various RTA temperatures and times on the ZnO thin films were analyzed by XRD measurements, as shown in Figure 2 and Figure 3.



The XRD patterns showed that all the ZnO thin films were c-axis orientation, and the peaks of (002) crystalline phase of ZnO thin films increase with RTA time and RTA temperature. The reasons may due to the strain, the density and distribution of defects in ZnO thin films are reduced as the annealing temperature and time increases [30]. The optimized RTA temperature and RTA time were 400 °C and 10 min, respectively. As the annealing temperature increased above 400 °C, the micro-cracks and agglomeration of grains were observed, as described below, which resulted in the deterioration of the columnar structures of (002) crystallization of ZnO films. In addition, the grain sizes of ZnO thin films were calculated from the XRD patterns using Scherrer’s formula as follows [31,32]:


  D =   k λ    β cos θ     



(1)




where k is the shape factor of about 0.9, λ is the wavelength of radiation of X-ray, β is the full width at half maximum (FWHM) and 2θ is the diffraction angle of the (002) crystalline the FBAR phase in the X-ray patterns. Table 4 and Table 5 show the grain sizes and FWHM of the ZnO thin films with various RTA times and RTA temperatures, respectively. It can be observed that as the temperature increased, the FWHM decreased and grain size increased, which indicates that the film quality was improved. Although the quality of ZnO thin film annealed at 500 °C appeared to be superior to that of annealed at 400 °C, as compared in Table 4, the intensity of XRD pattern showed that the one annealed at 400 °C was much better than that annealed at 500 °C, as shown in Figure 2. Therefore, the annealing temperature of the ZnO thin films was chosen as 400 °C. From Table 5, the lowest FWHM value was found at 10 min, in which, the average grain size was larger than others. It also exhibited better crystalline characteristics as compared with XRD patterns, as shown in Figure 3. From the results, the optimized crystalline characteristics and the c-axis preferred orientation of ZnO thin films were obtained as the RTA temperature was 400 °C and RTA time was 10 min.



The surface morphologies and cross-sectional images of as-deposited and RTA treated ZnO thin films were analyzed by SEM, as shown in Figure 4, Figure 5, Figure 6 and Figure 7. The uniform pebble-like surface morphologies and columnar structures of c-axis orientation are presented for both as-deposited and RTA treated ZnO thin films. The surface morphologies of ZnO thin films became uniform and smooth as the annealing temperature and time increased, as shown in Figure 4 and Figure 6. Although the residual stress in the thin films would be decreased as the RTA temperature increased, the films existed micro-cracks on the surfaces and the grains began to agglomerate and the columnar structure gradually deteriorated as the annealing temperature reached 500 °C, as shown in Figure 4d and Figure 5d. These phenomena will also result in a reduction of acoustic wave velocity [29].



In order to compare the frequency responses of FBAR devices with and without RTA annealing, the fabricated FBAR devices with the thickness of ZnO thin films of about 770 nm were subjected to the RTA annealing process with annealing temperature of 400 °C and annealing time of 10 min. The thickness of about 770 nm was desired to meet the 5G wireless communication systems with resonance frequency of about 3.4–3.6 GHz. The frequency responses of the FBAR devices with and without RTA annealing were shown in Figure 8. The resonance frequencies were near 3.4 GHz for both devices, whereas the FBAR device without RTA annealing exhibited a poor return loss (S11) of −24.07 dB, comparing to that of −34.66 dB for the device with RTA annealing. The FBAR device without RTA annealing exhibited an acoustic wave velocity of 5245 m/s, comparing to that of 5219 m/s for the FBAR device with RTA annealing. The results showed that the return loss was improved significantly, while the acoustic wave velocity decreased slightly, which may be due to the some or less surface cracks as mentioned above [29]. The stress and defects in the zinc oxide film may be reduced for the FBAR device with RTA annealing, so that the device exhibited better piezoelectric conversion performance, and the return loss of the device was improved. These results were similar to those derived on SAW UV sensor proposed by Phan, D.T., etc., in that, the sensitivity and response of the SAW UV sensor after RTA thermal annealing are greatly improved [27].



The electromechanical coupling coefficient (kt2) of an FBAR device can be calculated as follows:


   k t    2  =  ∅  tan ∅   =    (   π 2   )   (     f s     f p     )    tan  (   (   π 2   )   (     f s     f p     )   )    ≅    (   π 2   )   2   (     f p  −  f s     f p     )   



(2)




in which, fs is the series resonance frequency and fp is the parallel resonance frequency [33]. The electromechanical coupling coefficient of the FBAR device without RTA annealing was about 1.73%, whereas, it was about 3.02% for the annealed one. From the results obtained above, it showed that the characteristics of high frequency FBAR devices could be improved by RTA thermal annealing process.



Table 6 shows the performance parameters of FBAR related devices with ZnO films as the piezoelectric layers in the literatures. It shows that the electromechanical coupling coefficients (kt2) were within 3%~5% except the SMR and HBAR devices. Additionally, it could be find that with lower resonance frequency, the FBAR device exhibited higher kt2. The reason may be attributed to the lower the resonance frequency of the FBAR device, the thicker the ZnO film is needed, and the better crystalline characteristics of ZnO film can be achieved, which will result in higher kt2 values.




4. Conclusions


In this study, the optimized parameters for the deposition of ZnO thin films were obtained with sputtering power of 80 W, sputtering pressure of 20 mTorr and gas ratio of 75% (O2/O2+N2), respectively. The as-deposited ZnO thin films existed a preferred c-axis (002) orientation, and the grain size was consistent with the obtained characteristics from the XRD and SEM analyses. The optimized characteristics of ZnO thin films could be achieved by the RTA process under annealing temperature of 400 °C and annealing time of 10 min. Finally, the FBAR devices with structure of Al/ZnO (770 nm)/Pt/Ti/SiNx/Si were fabricated and subjected to the RTA annealing process with annealing temperature of 400 °C and annealing time of 10 min. The frequency responses showed that the return loss of the FBAR device with RTA annealing was improved from −24.07 to −34.66 dB, and the electromechanical coupling coefficient was improved from 1.73% to 3.02% with the resonance frequency of around 3.4 GHz.
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Figure 1. The fabrication processes of an FBAR device. 
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Figure 2. XRD patterns of the ZnO thin films annealed with various temperatures for 10 min. 
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Figure 3. XRD patterns of the ZnO thin films annealed at 400 °C with various times. 
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Figure 4. The surface morphologies of as-deposited (a) and RTA treated ((b) 300 °C, (c) 400 °C and (d) 500 °C) ZnO thin films for 10 min. 
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Figure 5. The cross-sectional images of as-deposited (a) and RTA treated ((b) 300 °C, (c) 400 °C and (d) 500 °C) ZnO thin films for 10 min. 
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Figure 6. The surface morphologies of as-deposited (a) and RTA treated ((b) 5 min, (c) 10 min and (d) 15 min) ZnO thin films at 400 °C. 
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Figure 7. The cross-sectional images of as-deposited (a) and RTA treated ((b) 5 min, (c) 10 min and (d) 15 min) ZnO thin films at 400 °C. 
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Figure 8. The frequency responses of FBAR devices with and without RTA annealing. 
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Table 1. Deposition parameters of the bottom and top electrodes.
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DC Sputtering System




	
Target (2 inch)

	
Ti (99.995%)

	
Pt (99.95%)

	
Al (99.999%)






	
Substrate

	
SiNx/Si

	
Ti/SiNx/Si

	
ZnO/Pt/Ti/SiNx/Si




	
Base pressure (Torr)

	
<5 × 10−6

	
<5 × 10−6

	
<5 × 10−6




	
Working pressure (mTorr)

	
3

	
1

	
1




	
Sputtering power (W)

	
75

	
175

	
100




	
Substrate temperature (°C)

	
R. T.

	
R. T.

	
R. T.




	
Ar flow (sccm)

	
10

	
10

	
10




	
Thickness (nm)

	
12

	
100

	
100
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Table 2. Deposition parameters of the ZnO thin films.
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RF Magnetron Sputtering System






	
Target (2 inch)

	
Zn (99.999%)




	
Substrate

	
Pt/Ti/SiNx/Si




	
Base pressure (Torr)

	
<1 × 10−6




	
Working pressure (mTorr)

	
20




	
Sputtering power (W)

	
80




	
Substrate temperature (°C)

	
R. T.




	
O2/(O2 + Ar) (%)

	
75
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Table 3. RTA annealing parameters of the ZnO thin films.
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	Annealing time (min)
	5, 10, 15



	Annealing temperature (°C)
	300, 400, 500
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Table 4. Grain sizes and FWHMs of the ZnO thin films annealed at various temperatures for 10 min.
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	RTA Temperature (°C)
	Grain Size (nm)
	FWHM (°)





	As-deposited
	36
	0.24



	300
	36
	0.24



	400
	39
	0.21



	500
	41
	0.20
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Table 5. Grain sizes and FWHMs of the ZnO thin films annealed at 400 °C with various times.
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	RTA Time (min)
	Grain Size (nm)
	FWHM (°)





	As-deposited
	36
	0.24



	5
	38
	0.22



	10
	39
	0.21



	15
	35
	0.24
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Table 6. The performance parameters of FBAR/HBAR/SMR devices with ZnO thin films.
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	References
	[17]
	[18]
	[19]
	[20]
	This Work





	Device
	FBAR
	FBAR
	SMR
	HBAR
	FBAR



	Piezoelectric layer
	ZnO
	ZnO
	ZnO
	ZnO
	ZnO



	Frequency (GHz)
	1.188
	1.75
	2.2
	1.49/2.43/3.40
	3.38



	   k t    2    (%)
	4.7
	4.154
	0.4
	0.0385/0.0953/0.0479
	3.02
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